A system has been developed for determining precisely the dilatational and shearwave group velocities in rock samples subjected to hydrostatic confining and internal pore pressures independently to 10,000 psi. Pulses of polarized shear waves of SO@kc/sec carrier frequency are produced and detected by axially polarized ceramic transducers attached to Pyrex glass prisms mounted in pressure-sealed cells at each end of the rock sample. Complete mode conversion from dilatational waves to polarized shear waves, and vice versa, occurs at the free surfaces of the prisms. Pulses of dilatational waves of the same carrier frequency are produced and detected by axially polarized ceramic transducers mounted in a separate pair of pressure-sealed cells which are attached at each end of the sample.
INTRODUCTION
A knowledge of the dilatational and shear-wave velocities and attenuation in fluid-saturated sedimentary rocks is of considerable interest in the fields of geological engineering, geophysics, and petroleum engineering. Three of the major factors which influence the velocities and attenuation of waves are the degree of anisotropy of the solid matrix material comprising the rock, the type of fluid saturating the pore spaces of the rock, and the effects of overburden and pore fluid pressures. For instance, in geological engineering, the influence of water saturation and pore pressure on the strength and elastic moduli is of prime importance in the selection of suitable foundation sites for large structures. There is a need for the dynamic elastic moduli obtained from velocity measurements for an understanding of the mechanisms of drilling and blasting, both conventional and nuclear. The interpretation of structures of the earth from seismic records requires a knowledge of the velocities of waves as a function of confining pressure. In the petroleum industry, the effects of changes in rock bulk compressibility, porosity, and fluid saturation of sedimentary rocks on dilatational and shear-wave velocities and attenuation is required for interpretation of records obtained with the acoustic velocity logging device. To have the widest practical application, velocity measurements in the laboratory must be made on rock samples under conditions as closely as possible representing those occurring in the rock naturally.
Basically, there are three laboratory techniques suitable for measuring the dilatational and shear-wave velocities on rock samples subjected to confining and pore fluid pressures. The first of these is the resonance method, in which the specimen is made to vibrate at its resonant frequency in one of several normal modes. For isotropic homogeneous materials the relation ships between the velocities and resonant fre-quency are fairly simple for the limiting cases. Gardner et al. (1964) have reported a development of this technique for determining the effects of confining pressure and different fluid saturants on the attenuation oi elastic waves in rock samples. One limitation of Gardner' s method is that a correction must be made for the effect 0i the jacket on the resonant frequency, and for irictional effects oi the fuid exerting confining pressure on the sample, especially at high pressures. ;\ iurther limitation is that additional corrections must be made ii the rock samples exhibit anisotropic behavior.
The second is the rotating-plate technique, in which a thin parallel-sided sample of rock is rotated in the path 0i a continuous beam or succcssion of pulses oi ultrasonic energy. Theoretically, 110 energy is transmittetl at the critical angles of incitlcncc of the beam for which dilatational or shear wavca in the rock are reiracted parallel to the sides of the sample. King and Fatt (1962) have reported a continuous-beam method operating at one mcps for measuring shear-wave velocities in small rock samples as a function of confining preysure. The method 1~;~s limited to confining pressures 0i up to about 2,500 psi, because of tlifficultics encountered when the transducers were subjected to higher confining pressures. n' yllie et al. (1962) and Gregory (1963) have reported a gate&pulse, rotating-plate method operating at a pulse carrier frequency of one mcps for obtaining shear-wave velocities in rock samples as a function of confining pressures to 10,000 psi.
The third is the pulse first-arrival technique, in \rhich the time taken for a pulse of dilatational or shear waves to traverse a known thickness of the rock is measured. The pulse first-arrival technique for measuring dilatational-wave velocities in rock samples has been successfully developed by Hughes and Cross (1951) , Wyllie et al. (1956) , and Birch (1960). These investigators employed either X-cut quartz transducers or axially polarized ceramic transducers. Peselnick and Zietz (1959) and Peselnick (1962) have developed pulse first-arrival techniques for precisely determining dilatational and shear-wave velocities and attcnuition in fine-grained, well-compacted rocks at atmospheric pressure. These workers used Scut quartz transducers for dilatational-wave measurements, and AC-cut quartz transducers for shear-wave measurements. Simmons (1964) has reported results using the pulse first-arrival technique with AC-cut quartz transducers for determining shear-wave velocities in rocks at confining pressures to 10 kilobars. However, difficulties have been reported by Gregory (1963) in determining shear-wave velocities for saturated porous rocks by the pulse first-arrival technique, probably due to insufficient shear\vave energy being detected by the receiving transducer. Jamieson and Hoskins (1963) suggest the USC' oi an axially polarized ceramic transducer, with its high electromechanical conversion properties, to produce polarized shear waves from dilatational waves by mode conversion at a free surface Using a development of this method, the present author (King, 1964) has experienced little dilficulty in measuring shear-nave velocities at a carrier frequency of 500 kcjsec in saturated sandstones.
The stress-strain relationships for materials exhibiting various degrees of anisotropy have been discussed in light of their application to physical problems by Hcarmon (1961). Biot (1941) developed stress-strain relationships for a homogeneous, isotropic, liquid-saturated porous medium. Stress-strain relationships for saturated porous media exhibiting isotropy, transverse isotropy, and general isotrop\-, and methods for determining the relationships experimentally have been discussed in other papers by Biot (1955, 19.56~) and by Biot and R' illis (1957).
Biot (1962a) has presented a unified treatment of the mechanics of deformation and elastic-wave propagation in saturated anisotropic porous media. In his treatment, Biot incorporates results from his detailed analyses of the propagation of elastic waves in liquid-saturated isotropic porous media in the low-frequency range (I 956a), and in the higher-frequency range (1956b). The theory predicts the existence of two coupled dilatational waves and one shear wave for the case of an isotropic, saturated porous medium. The dilatational wave with the lower velocity is shown theoretically to attenuate much more rapidly than that with the higher velocity: Its influence, therefore, may generally be neglected. Two main conclusions may be drawn from Biot' s analysis which is discussed in detail in .4ppendix ,4. First, the shear-wave velocity in a liquid-saturated porous material will always be less than in the dry material. Second, the dilatational-wave velocity in a liquid-saturated porous material will generally be higher than in the dry material, except for materials having very low bulk compressibilities.
Geertsma and Smit (1961) have analysed Biot' s theory in the low-frequency range for the purpose of applying it to the behavior of dilatational waves in liquid-saturated rocks. The application of Biot' s theory to liquid-saturated rocks is also discussed in a later paper by Geertsma (1961), in which he predicts a dependence of minor importance of dilatational-wave velocity on frequency and in which he indicates that the deformation properties of the solid matrix and of the pore liquid have a much smaller influence on dilatational-wave velocity than the deformation properties of the bulk material. Biot (1962a, b) discusses the effects of interfacial surface phenomena and relaxation behavior of the liquid saturant on his theory: He indicates that, under certain conditions at high frequencies, it is quite possible for the liquid saturant to behave in a non-Sewtonian viscoelastic manner, thus invalidating the theory. As an example, Biot (1962b) shows theoretically that relaxation behavior of the liquid can occur at frequencies in the lowmegacycle frequency range for cracks of one micron width saturated with water. Geertsma (1961) has noted anomalous behavior of shear-wave velocities in certain liquidsaturated sandstones, experimentally tested by the resonance method at frequencies of the order of lo4 cps, which can be attributed to interfacial surface phenomena or relaxation behavior of the liquid.
The influence of liyuid saturation and confining pressure on the dilatational-wave velocity in sedimentary rocks has been discussed and determined experimentally using pulse first-arrival techniques by a number of workers, such as Hicks and Berry (1956) Because of their ready availability and good electro-mechanical conversion properties at the frequencies considered, axially polarized barium titanate transducers were chosen as the source for the pulses of ultrasonic energy. The transducer resonant frequency was fixed by the necessity for the minimum wavelength in the rock to be much greater than the largest grain or pore size. This consideration indicated a carrier frequency of 500 kc/set for the experiments reported here. To obtain a pulse of shear waves from the dilatational waves produced by an axially polarized transducer, it is necessary to mount a wave mode converter between the transducer and the sample to be tested. After the pulse of shear waves produced by the mode converter has traversed the test sample, a wave mode converter must again be used to transform the shear waves back into dilatational waves so that they may be detected the theory so that no reflected dilatational waves would occur: These angles proved to be 30 and 60 degrees. In a preliminary experiment these prisms were attached with phenyl salicylate to the opposite faces of a parallel-sided slab of Pyrex glass: Mode conversion was found to be essentially 100 percent when an axially polarized transducer attached to one prism was pulsed.
Each of the Pyrex prisms is mounted in a pressure-sealed steel cell of 33 inches diameter, as shown in Figure A . X one-inch diameter transducer is attached to each of the prisms with vacuum stopcock grease and held in place by a small coil spring, which also serves to ground electrically the back of the transducer to the cell. The highfrequency electrical signal is led by fine enameled copper wire from the insulated high-pressure fitting on the cell head to a disc of thin aluminum foil mounted between the transducer and the prism. The type of contact between the prism and the base of the cell is important for the transmission of shear waves. A rigid contact material is necessary, but brittle adhesives were ruled out because, at high external hydrostatic pressures on the cell, even slight distortion of the base would be sufficient to fracture the bond. After experimenting with several materials, the most successful adhesive was found to be a plasticbased refrigerant sealing compound.' The prism is held in place by two small coil springs mounted at each end of a Lucite bridge attached to the sides of the prism. In Figure 3 , the first cell acts as a pulse transmitter and the second as a pulse receiver.
To determine the dilatational-wave velocity in The time taken for a pulse to traverse the rock sample and transducer holders is obtained by using the calibrated delayed trigger control on the oscilloscope to position the start of a small brightened portion of the trace at some definite point of the received signal. During preliminar! experiments it had been observed that, within the range of confining pressures 500 to 10,000 psi, the shape of the received pulse envelope was very little altered by changes in confining pressure and pore fluid saturants. It was therefore decided that use of the first major positive peak of the received signal as the reference would introduce very little error to the velocity measurements. . Five sandstones were used in this series of experiments. These were Boise, Bandera, Berea, Torpedo, and St. Peter. Table 1 The core was then assembled with a pair of transducer holders, as shown in Figure 3 . Before placing the assemblage in the pressure vessel, it was found convenient to evacuate the pore space of the specimen while it was being lowered into position in the cell. The pressure vessel was filled with mineral oil and a hydrostatic pressure of about 500 psi was applied for an hour. This hydrostatic pressure insured that the thin plastic seals between the specimen and the transducer holders had a chance to bed down before they hardened. The pressure was then lowered to 100 psi and left at this pressure for at least eight hours.
.Ml velocities were recorded as the hydrostatic pressure on the specimen was being increased. It was observed that for all the rocks tested there was an appreciable hysteresis effect, with higher velocities being recorded at a given pressure when the hydrostatic pressure was being reduced from the maximum than when it was being increased. The effects of this hysteresis on the velocities of waves in rocks subjected to both hydrostatic confining and pore pressures have been discussed by Gardner et al. (1965) . It was also observed that provided the confining pressure was raised in increments of less than 2,000 psi, the velocity measurements stabilized after a few minutes. The confining pressure was always raised a great deal more slowly in the low-pressure range than in the high-pressure range, because it was in the low-pressure range that most of the velocity change occurred. It was found that results after the first cycle to 10,000 psi confining pressure on the Bandera, Berea, and Torpedo Sandstones could be reproduced over several cycles to 10,000 psi, provided the confin ing pressure was left at 100 psi for at least eight hours between each cycle. For each cycle to 10,000.psi confining pressure on Boise Sandstone, the velocities in the low-pressure range tended to be lower than those for the previous cycle by about one-half percent, or less. The St. Peter Sandstone cores were run only to a maximum con fining pressure of 5,000 psi, because they were to be cycled considerably more often than the other sandstones, for which an almost unlimited number of samples were available. *Again, after the first cycle to 5,000 psi, the results for subsequent cycles on St. Peter Sandstone could be reproduced, provided the confining pressure was reduced to 100 psi for at least eight hours between each cycle. To reduce hysteresis effects on the rocks to a minimum, the hydrostatic confining pressure was always left at 100 psi \vhen the samples were not removed from the \-essel between experiments. For all five sandstones tested, the results obtained during the first pressurizing cycle were not reproduced during subsequent cycles. The results of the second cycle, however, were reproducible to within the precision of measurement, with the exception of those for Boise Sandstone samples in the low-pressure range.
After velocity measurements on a rock specimen had been completed, the core thickness was remeasured. It was found that there was a permanent reduction of between 0.1 and 0.5 percent in thickness occurring for all five sandstones during the first cycle. For subsequent cycles, however, the thickness change was less than 0.1 percent. The calculated velocities for all five sandstones have been based on the remeasured thickness of the cores, and they have been corrected for reduction in length due to bulk compressibility at each value of the confining pressure. The bulk compressibilitics for Boise, Bandera, and Berea Sandstones have been taken from Mann and Fatt (1960). For Torpedo and St. Peter Sandstones the bulk compressibilities have been estimated from the wave-velocity measurements, This correction to the velocities amounts to less than 0.5 percent in the range of confining pressures from 500 to 10,000 psi.
To avoid hysteresis effects on the rocks during runs for which the effects of an increase in pore pressure were to be studied, the hydrostatic confining pressure in the vessel, I' ,, and the pore fluid pressure, P,, were always increased by the same increment, AP, to insure that the net confining pressure, (Z' ,--I' f), remained constant. .-\fter the confining pressure and pore pressures had been raised to their maximum values, they were slowly reduced to their original values, again keeping the net confining pressure constant throughout the operation. The hydrostatic confining pressure was then raised to its next higher experimental
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Pressure and Pore Fluids 61 value, and the procedure noted above was repeated for a higher value of the net confining pressure. The cores were saturated with liquid by the following method. \\' ith the hydrostatic confining pressure at 100 psi, the specimen was evacuated to about 100 microns Hg. The rock sample was then saturated with either gas-free distilled water, gas-free 25 NaCl solution, or gas-free kerosene. It was insured that the saturants \vere gas-free by applying a vacuum to each of them ior a period of about two hours immediately before the sample was saturated. The specimen was allowed to absorb the saturant under a small positive head for at least eight hours. The hydrostatic confining pressure was then increased to 200 psi, and the pore pressure increased to 100 psi. The pressures were left at these values for a further two hours, during which time the saturants dissolved any small volume of air remaining in the sample pore spaces.
Preliminary experiments were performed to determine the influence of hydrostatic pressure on the time taken for shear and dilatational waves to traverse the transducer holders alone. Hydrostatic pressures to 10,000 psi were not found to affect the times of transit of either shear or dilatational waves through the jacketed transducer holders in face-to-face contact. Second, experiments were performed to test the absolute accuracy of the velocity measurements. Three different thicknesses of aluminum machined from the same stock were clamped in turn between each pair of transducer holders, and their dilatational and shear-wave velocities were measured. The measured velocities for the three thicknesses of aluminum are shown in from these records that the shear-wave amplitudes for the rocks tested are much more dependent on confining pressure and nature of saturating fluid than are dilatational-wave amplitudes. Figure 6 indicates that an increase in confining pressure on dry Berea Sandstone from 500 to 10,000 psi causes a marked increase in amplitude of shear waves. There is, however, only a relatively small increase in the amplitude of dilatational waves for the same increase in confining pressure. At constant confining pressure, saturation of the dry rock with an aqueous solution causes a marked reduction in the amplitude of shear waves, especially at low confining pressures, whereas saturating the rock with kerosene does not affect the amplitude of shear waves nearly so much. Dilatational-wave amplitudes were found generally to be affected very much less than shearwave amplitudes when the rock was saturated with liquids, both at high and low confining pressures.
In Figures 8 and 9 are shown group velocities of dilatational waves parallel to and perpendicular to the bedding plane, and group velocities of shear waves polarized parallel to and perpendicular to the bedding plane, for dry Berea and Bandera Sandstones, respectively, as a function of confining pressure. These figures demonstrate the anisotropy of two of the sandstones tested. It can be seen that the degree of anisotropy decreases significantly as the confining pressure is increased. By measuring the velocities in orthogonal directions, both these sandstones were found to exhibit transverse isotropy, with the bedding plane as the plane of symmetry. Similar tests were performed on Boise Sandstone: These Figure 18 shows that the dilatational-wave velocity behaves qualitatively as Biot' s theory predicts, although at low confining pressures the values for the liquid-saturated rock are higher than predicted theoretically. Figure 19 indicates that the shear-wave velocity for this sandstone saturated with both liquids is higher than for the dry rock at low confining pressures. r\t higher confining pressures the shear-wave velocity for the sandstone saturated with water crosses over, and is then less than for the dry rock. The shearwave velocity for the kerosene-saturated sandstone remains higher than that for the dry rock to the limit of 5,000-psi confining pressure. The trend indicates, however, that at some higher confining pressure the shear-wave velocity for the kerosene-saturated rock will probably cross over. The increase in shear-wave velocity at low confining pressures when the dry sandstone is liquidsaturated is so pronounced for St. Peter Sandstone that it must be due to a significant increase in apparent rigidity of the rock caused by saturation with the liquid. It is concluded that this increase in velocity can only be explained by relaxation behavior of the liquid saturant in small fissures or microcracks, which close progressively as the confining pressure is increased. Figures 20 and 21 show the group velocities measured perpendicular to the bedding plane as a function of confining pressure and pore pressure for Berea Sandstone dry, and saturated with 2N SaCl. These curves are typical of those obtained ior all the sandstones tested. Figure 20 indicates that there is a slight reduction in dilatationalwave velocity for an equal increase in both hydrostatic confining and pore fluid pressures when the sandstone is nitrogen-saturated. The dilatationalwave velocity remains almost constant for equal increases in hydrostatic confining and pore fluid pressures when the sandstone is liquid-saturated. 
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Macroscopically, the porous material must be isotropic and elastic. The solid and liquid must consist of a continuum. The pore fluid must be viscous and compressible. The solid matrix of the material and the pore liquid must be of comparable densities. There must be no thermoelastic effects, The walls of the main pores must be impervious, with pore sizes concentrated about an average value. The wavelength must be much greater than the largest pore size. Table . 41.
;\t low frequencies, the shear-wave phase velocity tends to a value at zero frequency of (A@ .it frequencies much higher than that at which Poiseuille flow in the pores breaks down, the shear-wave phase velocity tends to a value given by which is the same as the shear-wave velocity for the dry material. For appreciable coupling (K= 3), the predicted shear-wave velocity at high frequencies for a saturated porous material will be less (about two percent for a typical sandstone) than for the dr)-material. The shear-\\a\-e velocity will approach the value given in equation (;Zh) for zero frequency as K tends to infinity.
Dilatutioual zmes
The two coupled dilatational waves are designated the first and second kinds, with the first kind having the higher velocity. For waves of the first kind, the liquid and solid tend to move inphase; for waves of the second kind they move out-of-phase. Since dilatational \vaves of the second kind attenuate rapidly and generally have velocities considerably less than those of shear waves, they will not be discussed here: By dilatational waves, therefore, those of the first kind will be understood.
As the frequency tends to zero, the dilatationalwave phase velocity tends to a value given by .\t frequencies much higher than that at which Poiseuille flow in the pores breaks down, the dilatational-wave phase velocity tends to a \ralue given b> from unity by more than about five percent for no mass coupling (K= 1). For appreciable coupling (~=3), the variation is about 13 percent. 
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